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ABSTRACT
We present the results of deep optical spectroscopic observations using the LRIS spectrograph on
the Keck I 10-m telescope of three ultra-luminous X-ray sources (ULXs), Ho IX X-1; M81 X-6; and Ho
II X-1. Our observations reveal the existence of large (100–200 pc diameter) highly-ionized nebulae,
identified by diffuse He II λ4686 emission, surrounding these sources. Our results are the first to find
highly-ionized nebulae of this extent, and the detection in all three objects indicates this may be a
common feature of ULXs. In addition to the extended emission, Ho IX X-1 has an unresolved central
component containing about one-third of the total He II flux, with a significant velocity dispersion
of ≃ 370 km s−1, suggestive of the existence of a photo-ionized accretion disk or an extremely hot
early-type stellar counterpart. Most of the He II emission appears to be surrounded by significantly
more extended Hβ emission, and the intensity ratios between the two lines, which range from 0.12
– 0.33, indicate that photo-ionization is the origin of the He II emission. Sustaining these extended
nebulae requires substantial X-ray emission, in the range ∼ 1039 − 1040 erg s−1, comparable to the
measured X-ray luminosities of the sources. This favors models where the X-ray emission is isotropic,
rather than beamed, which includes the interpretation that ULXs harbor intermediate-mass black
holes.
Subject headings: black hole physics — galaxies: individual (Holmberg IX, M81, Holmberg II) —
X-rays: galaxies — ISM: bubbles — ISM: kinematics and dynamics
1. INTRODUCTION
Ultra-luminous X-ray sources (ULXs) are bright point-
like sources found at off-nuclear positions in nearby
galaxies. If the X-ray emission is isotropic, the ULX
luminosities would be in the range 1039 – 1041 erg s−1,
with corresponding Eddington-limited masses in excess
of 100 M⊙. This leads to the suggestion that ULXs
are black holes with mass intermediate between stellar-
mass systems and very massive nuclear black holes of
galaxies. The large luminosities, however, may still orig-
inate from stellar-mass black holes if the X-ray emission
is beamed, or if accretion disks are capable of radiating at
super-Eddington rates (e.g., King et al. 2001; Begelman
2002). Indeed some X-ray binaries are known to pro-
duce super-Eddington luminosities, reaching >∼ 10
41
erg s−1 in their flaring states (e.g., Moon & Eikenberry
2001; Moon et al. 2003a,b; Sivakoff et al. 2005). The na-
ture of ULXs is still quite uncertain, and given they are
broadly selected as bright off-nuclear X-ray sources, they
may represent a mixture of different types of objects
(Zampieri & Roberts 2009).
Many ULXs have early-type stars as optical coun-
terparts, indicating their binary nature. Some also
have extended optical nebulae surrounding the cen-
tral source (see Pakull & Mirioni 2002, for early re-
sults). Of particular interest is the detection of the
He II line at 4686 A˚ (He II λ4686) in the immedi-
ate vicinity ( <∼ 2
′′) of some of bright sources (e.g.,
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Grise et al. 2006; Pakull & Mirioni 2002; Kaaret et al.
2004; Lehmann et al. 2005; Kaaret & Corbel 2009). Be-
cause of the very high ionization potential of 54.4 eV, this
line emission traces high-energy (EUV to X-ray) radia-
tion fields or extremely strong shocks, and is usually con-
sidered to be a signpost of X-ray photo-ionized nebulae
(e.g., Pakull & Angebault 1986; Pakull & Motch 1989).
Where present, the observed He II λ4686 luminosities
have been used to obtain lower limits to the total X-ray
ray luminosity (e.g., Kaaret & Corbel 2009), which pro-
vides a constraint central to determining the nature of
ULXs.
In this Letter, we present deep spectroscopic obser-
vations of the He II λ4686 line in three ULXs, Ho IX
X-1; M81 X-6; and Ho II X-1. Ho IX X-1 (= M81
X-9) is located in the dwarf galaxy Holmberg IX near
M81, and is known to have variable X-ray emission with
a luminosity (assuming isotropic emission) of ∼ 1040
erg s−1 (La Parola et al. 2001), along with a large (≥
250 pc in diameter) optical nebula seen in H recom-
bination and forbidden lines (Miller 1995; Grise et al.
2006). Its optical counterpart, which is probably an
early-type star of V ≃ 22.8 (Grise et al. 2006), shows
strong, broad, spatially unresolved He II λ4686 line emis-
sion (Grise et al. 2006); however Ramsey et al. (2006)
was unable to detect extended He II λ4686 emission.
M81 X-6 (= NGC 3031 X-11) resides in the spiral galaxy
M81 and also shows long-timescale variable X-ray emis-
sion with an isotropic-equivalent luminosity of ∼ 2 ×
1039 erg s−1. Its optical counterpart is an O8 V star of
V ≃ 23.9 situated in a spiral arm with high local stel-
lar density (Roberts & Warwick 2000; Liu et al. 2002)
and embedded in an Hα nebula ∼ 150 pc in diame-
ter (Ramsey et al. 2006). Prior to the observations re-
ported here no He II λ4686 emission has been detected
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in M81 X-6. Ho II X-1 is one of the most luminous (>
1040 erg s−1) ULXs, and is located in the dwarf star-
forming galaxy Holmberg II. Kaaret et al. (2004) iden-
tified a likely optical counterpart that is an early-type
star surrounded by a nearby optical nebula including
He II λ4686 emission ∼ 2′′ in size. Lehmann et al. (2005)
confirmed the extended He II λ4686 region of 21 × 47
pc, and determined B ≃ 20.05 magnitude of the opti-
cal counterpart. In addition this ULX appears to have
a radio counterpart (Miller et al. 2005). The observed
He II λ4686 luminosity of 2.7 × 1036 erg s−1 corre-
sponds to a lower limit on the X-ray luminosity of 4–6
× 1039 erg s−1, assuming that X-ray photo-ionization is
the source of the line excitation (Kaaret et al. 2004).
2. OBSERVATIONS AND RESULTS
The observations of the three ULXs, Ho IX X-1; M81
X-6; and Ho II X-1, occurred 2006 January 31, 2006
February 2–3, and 2007 March 3–5 using the Low Res-
olution Imaging Spectrograph (LRIS; Oke et al. 1995)
on the Keck I 10-m telescope. The B-band seeing was
1.5′′– 2′′ (2006) and 1.0′′– 1.5′′ (2007); the slit width and
length were 1′′ and 120′′, respectively. A beam dichroic
inside LRIS splits incoming light to the blue and red
sides followed by a 600/4000 grism (3010–5600 A˚) and
a 600/7500 grating (5700–8200 A˚). Photometric calibra-
tions were performed with standard sources HD 93521
and HD 9, and wavelength solutions were obtained using
arc lamp lines.
Table 1 summarizes the observations. We accumulated
multiple exposures of 1800-s each for Ho IX X-1 and M81
X-6, totalling on-source integration time up to 5.5 (Ho
IX X-1) and 7.0 (M81 X-6) hours. For Ho II X-1, which
is much brighter, we integrated for a total of ∼ 0.3 hours.
The slit position angles for Ho IX X-1 and Ho II X-1 were
fixed to be 0◦, while two different position angles, 0◦ and
72.5◦, were used for M81 X-6. We detected extended
He II emission surrounding all three objects. The line
was not detected in the 0◦ position angle observations of
M81 X-6, however the signal to noise of these observa-
tions makes non-detection consistent with the level seen
in the 2006 data. We therefore present the analyses of
the 2006 data of M81 X-6 alone. We also detected several
Balmer series H lines and forbidden transitions of [O I],
[O II], [O III], [Ne III], [N II], and [S II]. Detailed analyses
of the entire spectra will be published elsewhere; in this
Letter we concentrate on the He II λ4686 and Hβ line
spatial and spectral analysis.
Figure 1 shows integrated spectrograms of the three
ULXs in the wavelength range 4650 – 4900 A˚, contain-
ing the He II (λ4686) and Hβ (λ4861) lines. The off-
set (x-axis) is in arcseconds relative to the reported po-
sition of the optical counterpart in each system. The
dispersed continuum emission from the optical counter-
parts of Ho IX X-1 and Ho II X-1 is clearly visible in
Figure 1(a) and (c), respectively. In the Ho II X-1 spec-
trogram, in addition to the optical counterpart, there are
two bright background stars between –3′′ and –7′′. The
counterpart detection in M81 X-6 in Figure 1(b) is un-
certain. The dispersed light of its optical counterpart,
which is fainter relative to the other two ULXs, appears
to be blended with that of many other nearby stars (see
Liu et al. 2002). The ≃ 2′′ seeing of these observations
make the continuum from the counterpart impossible to
isolate from that of nearby stars. (The bright continuum
source at ∼ 15′′ to the right in Figure 1[b] is a field star
used for the slit alignment.) In all three spectrograms
extended He II and Hβ emission is clearly detected.
Figure 2 compares the spatial distribution of the inte-
grated He II and Hβ line intensities (solid line for He II;
dotted line for Hβ) along the slit direction, with the same
x-axis origin used in Figure 1. The Hβ distribution is
shifted by an arbitrary constant (0.3) in the y-direction
for clarity. We subtracted the background, including the
stellar continuum, using the flux detected in nearby pix-
els. A common feature of all three (especially Ho IX X-1
and Ho II X-1) profiles is that, with the exception of the
narrow central component in Ho IX X-1, the Hβ spatial
profile generally tracks, but is more extended than, the
He II emission. For all the three ULXs, the He II emis-
sion extends to >100 pc from the center, while the Hβ
emission extends much further, to beyond 250 pc. The
He II λ4686 to Hβ line intensity ratios are ∼0.12 (Ho IX
X-1), 0.19 (M81 X-6), and 0.33 (Ho II X-1). Below we
discuss the spatial distribution for each source.
The He II line intensity distribution in Ho IX X-1 (Fig-
ure 2[a]) can be fit using three gaussian components; the
fit is shown as a dashed line. The central, narrow, unre-
solved component is described by a gaussian profile with
a FWHM of 1.0′′ (or 17.5 pc), comparable to the seeing
size. Its integrated intensity contains ∼1/3 of the total
He II emission. This component is surrounded by asym-
metric emission extending more than 100 pc in both di-
rections, but more prominently to the south (left). The
extended He II emission can be fit using two Gaussian
components: one centered at the origin with FWHM
of 8.7′′ (≃ 150 pc), the other at –4.3′′ (≃ 75 pc) with
FWHM of 2.4′′ (≃ 40 pc). The first component is roughly
3 times brighter than the second one, and the intensity
of the total emission in the south is greater than that
in the north by ∼40%. We estimate the extent of the
He II emission to be 184 ± 20 pc, determined by mea-
suring the continuous area across the center where the
signal intensity of each data point is greater than noise
level at the 90 % confidence level. We estimated the
noise level at < –15′′ and > +15′′, where there is no ap-
parent He II emission. The Hβ emission of this source
is asymmetric without any apparent central peak. With
the notable exception of the central peak, however, the
Hβ profile is similar in shape to that of the He II. The Hβ
spreads somewhat flatly to ∼300 pc in the northern di-
rection, whereas, in the south, it extends less (∼200 pc)
and peaks where the He II emission has a local peak. The
total extension of the Hβ emission, therefore, is ∼500 pc,
and it is slightly (∼10 % ) brighter in the south than the
north. We estimate the total luminosity of the He II
line emission integrated along the slit to be ∼ 3.7 × 1035
erg s−1 for a distance of 3.6 Mpc.
There is no identifiable central component to the He II
emission in M81 X-6 (Figure 2[b]). The distribution is ir-
regular, and not well described by gaussian components.
The He II is extended 115± 13 pc west-southwest (left)
from the center; whereas it extends 42±7 pc in the oppo-
site direction, for a total width of 167± 15 pc. Both the
He II and Hβ emission is heavily (> 90 %) concentrated
in the west-southwest where the Hβ emission extends
more than 150 pc. The He II and Hβ emission is again
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spatially correlated; however, the peak locations of the
He II emission appear to be shifted toward the center
compared to Hβ. The main peak of the He II emission
may be dividable into two components at x ≃ 4.5′′, al-
though the low signal-to-noise ratio makes it difficult to
confirm this. The total measured He II luminosity is
∼ 8.8× 1034 erg s−1 for a distance of 3.6 Mpc.
For Ho II X-1 (Figure 2[c]), the He II emission is well-
described by a broad, central Gaussian component of
2.7′′ (≃ 40 pc) FWHM, along with a minor component of
1.9′′ (≃ 30 pc) FWHM located at –3.′′5 (≃ 50 pc) to the
south. The integrated intensity of the former is roughly
10 times greater than that of the latter. The Hβ emission
is distributed very similarly to the He II emission: the
main peak is at the center and there is a secondary peak
near the location of the secondary component of the He II
emission at –3.′′5. In addition, there is a third peak cen-
tered at –10′′ in the Hβ emission. The He II emission is
somewhat enhanced at this location, although it is almost
indistinguishable from the noise. The size of the He II
emission is 122 ± 7 pc. The measured He II luminosity
is ∼ 3.6 × 1036 erg s−1, which is slightly greater than
that of previous measurements (Pakull & Mirioni 2002;
Kaaret et al. 2004; Lehmann et al. 2005), for a distance
of 3.1 Mpc.
Figure 3 shows spectral line profiles of the He II (left
panels) and Hβ (right panels) transitions for the three
ULXs. There are two He II line profiles for Ho IX X-1
and Ho II X-1: the thick-solid profiles are for the cen-
tral emission obtained within 1′′ from the center (i.e., the
optical counterparts); the thin-solid ones are for the ex-
tended emission outside the center. The FWHM of the
He II lines of the spatially extended emission are 5.0 (Ho
IX X-1), 3.7 (M81 X-6), and 3.5 (Ho II X-1) A˚. Those for
the central emission are 6.7 A˚ (Ho IX X-1) and 3.6 A˚ (Ho
II X-1). For the Hβ lines, the line widths of the extended
emission are 4.4 A˚ (Ho IX X-1), 3.6 A˚ (M81 X-6), and 3.5
A˚ (Ho II X-1). The LRIS instrumental line widths, esti-
mated from the measured widths of the calibration lamp
lines, are in the range 3.8 – 4.1 A˚. We therefore con-
clude that the He II emission of Ho IX X-1, especially
the central component, has a contribution from dynami-
cal motion in the source, whereas we can only determine
an upper limit of ∼ 250 km s−1 for the velocity disper-
sion of the other lines. For Ho IX X-1, the extra widths
correspond to velocity dispersions of 370 km s−1 and 230
km s−1 for the central and extended components, respec-
tively. These dispersions of the He II lines are consistent
with previous observations (Grise et al. 2006), and are
larger than those reported in O III λ5007 and S II λ6717
lines (Abolmasov & Moiseev 2008). For Ho II X-1, the
upper limit is consistent with the results of previous ob-
servations (Lehmann et al. 2005).
3. DISCUSSION AND CONCLUSIONS
Our deep Keck observations spectroscopically identi-
fied spatially extended, highly-ionized He II emission
around three ULXs. In the case of Ho IX X-1 and M81
X-6 this is the first reported detection of diffuse He II
emission from these systems, and in the case of Ho II
X-1, we find the highly-ionized region to be larger than
previously reported. The sizes we find are in the range of
100 – 200 pc (in diameter), larger than any previously-
known He II emission around a compact source. The
He II nebulae around extremely hot stellar sources, such
as planetary nebulae or stellar X-ray sources, are gen-
erally smaller than 10 pc. Previous optical observations
of some ULXs, including Ho IX X-1 and Ho II X-1 ob-
served in this study, detected He II emission only from
the locations of the optical counterparts (e.g., M101 X-
1, NGC 1313 X-1, and Ho IX X-1; Kuntz et al. 2005;
Pakull et al. 2005; Grise et al. 2006) or from their close
(< 50 pc) vicinities (e.g., Ho II X-1 and NGC 5408 X-1;
Grise et al. 2006; Kaaret & Corbel 2009).
The identification of large He II emission regions sur-
rounding all three sources included in this study indi-
cates that extended, highly ionized nebulae are a com-
mon or even ubiquitous feature of ULXs. Previous non-
detections likely result from the limited depth of the ob-
servations; with Keck LRIS being significantly more sen-
sitive than other telescopes for this purpose. In all three
cases the extended emission contains the majority of the
total He II flux. In the case of Ho IX X-1 the central
unresolved component amounts to only 1/3 of the total
emission, and there is no apparent central component at
all in M81 X-6. In Ho II X-1 the He II emission is dis-
tributed in a relatively broad (∼ 40 pc FWHM), but very
regularly distributed component with a minor contribu-
tion from very extended emission in the south.
A distinct feature of the He II emission in Ho IX X-1 is
the unresolved central component of a significant (≃ 370
km s−1) velocity dispersion without any apparent Hβ
counterpart. One possible explanation is that the cen-
tral component represents a photo-ionized accretion disc
rotating around the central X-ray source (Grise et al.
2006). The line broadening in this case is due to rota-
tional motion, and the lack of corresponding Hβ emission
suggests that it is gas of relatively small column density.
The large velocity dispersion implies that the disk size
is much smaller than the seeing size for any conceivable
mass range for the central source, consistent with our
results (§ 2). As noted above, M81 X-6 lacks a central
component altogether. In Ho II X-1 the absence of a large
velocity dispersion in the central region (offset of ≤ 1′′)
probably indicates the lack of an accretion disc, although
it may be due to a projection effect, i.e., Ho II X-1 is close
to a face-on system. The more likely scenario is that the
extended highly ionized nebula is regularly distributed
around the system’s center and smoothly connects to the
broad component. Another possibility of the unresolved
central He II component of Ho IX X-1 is that it is due
to strong He II emission from the optical (stellar) coun-
terpart of the source. For instance, some Wolf-Rayet
stars are known to produce luminous He II emission of
significant velocity dispersion (e.g., Crowther & Hadfield
2006). We need more information on the optical coun-
terpart to investigate this scenario further.
Our observations point to photo-ionization by intense
X-ray flux being the source of the He II and Hβ emis-
sion. The alternative explanation is that both are pro-
duced by the same radiative shocks. However, in the
case of M81 X-6 and Ho II X-1 the observed line inten-
sity ratios of He II to Hβ require much greater veloci-
ties than the measured upper limits (Allen et al. 2008),
making it incompatible with radiative shocks. For Ho
IX X-1, the observed line intensity ratio requires compa-
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rable, but still slightly greater, velocities than observed
(∼230 km s−1 for He II) if the emission is produced in
strong shocks. Therefore, our results favor the interpre-
tation that the He II line emission is dominated by X-ray
photo-ionization. Under this scenario, the smaller extent
of the He II emission traces the locations where most of
the energetic X-ray radiation from the ULXs is locally
absorbed.
Under the assumption of photo-ionization, the ob-
served He II luminosities can be used to obtain indepen-
dent measurements of the ULX X-ray luminosities. The
X-ray luminosities estimated based on the observed He II
line luminosities are independent of the assumption that
the X-ray radiation from the central source is isotropic
– the inevitable assumption to calculate the X-ray lumi-
nosities from the observed X-ray fluxes. Measurements
to-date based on the line emission all indicate luminosi-
ties in excess of 1039 erg s−1. For example, the observed
He II line luminosity of ∼1 × 1036 erg s−1 of the ULX in
NGC 5408 provides a lower limit of ∼2.5 × 1039 erg s−1
for its X-ray luminosity (Kaaret & Corbel 2009) and the
He II luminosity of ∼2.7 × 1036 erg s−1 leads to an es-
timated X-ray luminosity of ∼5 × 1039 erg s−1 in Ho II
X-1.
In our observations we use a relatively small (1′′ in
width) slit, so that the measured luminosities given in
§ 2 are firm lower limits. One way to estimate the up-
per limits on the extended He II line luminosities is to
scale up the observed luminosities within the slit under
the hypothesis that the He II emission is uniformly and
symmetrically distributed outside the slit. In doing so
we obtain the upper limits of ∼1.2 × 1037 erg s−1 and
∼4.4 × 1036 erg s−1 for Ho IX X-1 and M81 X-6, re-
spectively, within an 8′′ radius. We then calculate the
X-ray luminosities required to produce the He II line lu-
minosities using the photo-ionization modelling program
CLOUDY (Ferland et al. 1998, ver. 07.02.01). In the
modelling, we used an input X-ray spectrum of a multi-
color disc blackbody plus a cutoff power law component
for Ho IX X-1 (Dewangan et al. 2006), and disk black-
body component for M81 X-6 (Swartz et al. 2003). We
also assumed a constant gas density of 10 cm−3, a unity
filling factor, and a spherically symmetric geometry. We
find that to account for the He II line luminosities the
required X-ray luminosities are in the range of ∼1039 –
1040 erg s−1, comparable to the observed ULX X-ray
luminosities. This favors models where the X-ray emis-
sion is isotropic rather than beamed, which includes the
scenario where ULXs are intermediate mass black holes.
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TABLE 1
Observing Parameters
Object Coordinate (J2000) Position Angle Date Exposure
Ho IX X-1 (09:57:53.3, +69:03:48) 0 2007 Mar. 24–26 1800 s × 11
M81 X-6 (09:55:33.0, +69:01:13) 72.5 2006 Jan. 31, Feb. 2–3 1800 s × 9
M81 X-6 (09:55:33.0, +69:01:13) 0 2007 Mar. 24–25 1800 s × 5
Ho II X-1 (08:19:29.0, +70:42:19) 0 2007 Mach 26 600 s × 2
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Fig. 1.— Integrated Keck LRIS spectrograms of the three ULXs – Ho IX X-1 (a), M81 X-6 (b), and Ho II X-1 (c) – in the wavelength range
of He II (λ4686) and Hβ (λ4861) lines. The x-axis represents the angular distance (in the arcsecond unit) from the optical counterparts of
the ULXs. Left is south for (a) and (c), whereas it is west-southwest for (b).
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Fig. 2.— (a) Relative spatial distributions of the integrated He II and Hβ line intensities along the slit directions of Ho IX X-1 Figure 1
(solid line for the He II line intensity distribution; dotted line for the Hβ line), along with the results of Gaussian fittings (dashed line) of
the He II line intensity distribution. The solid bar at the top of the plot represents angular distance corresponding to 100 pc. (b) Same as
(a), but for M81 X-6 without Gaussian fitting results. (c) Same as (a), but for Ho II X-1.
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Fig. 3.— (Left) (a) He II λ4686 line profiles for the central (thick solid line) and extended emission (thin solid line) of Ho IX X-1. (b)
Same as (a), but for the extended emission of M81 X-6. (c) Same as (a), but for Ho II X-1. (Right) (d) Hβ line profile of Ho IX X-1. (e)
Same as (d), but for M81 X-6. (f) Same as (d), but for Ho II X-1.
